Background-Serologic response to influenza vaccination declines with age. Few other host factors are known to be associated with serologic response. Our objective was to determine whether obesity and vulnerability independently predicted serologic response to influenza vaccination.
Introduction
The current standard for evaluating immunogenicity of influenza vaccination is the measurement of hemagglutination inhibition (HAI). In young healthy adults an HAI titer of 1:40 is the level of antibody that protects 50% of the population against influenza infection.
[1] Among adults ≥50 years, HAI titers tend to be lower than those of young adults and the level of protection provided by an HAI titer of 1:40 or greater is unknown. A recent metaanalysis found that rates of seroprotection declined with advancing age, while previous vaccination, high pre-vaccination titers and institutional residence were all associated with higher rates of seroprotection. [2] The age-related decrease in antibody responses to vaccination is likely due to immunosenescence, but comprehensive studies of the immune response to influenza vaccine in older adults are complicated by simultaneous changes in different arms of the immune system. [3] It is crucial to understand the immune responses in older adults since the same immune senescence that causes poor vaccine response also likely increases the risk of serious complications from influenza, including hospitalizations, placement in nursing homes, and death. Influenza-associated morbidity begins to increase around age of 50. [4] Obesity and risk of health deterioration (vulnerability) may also influence immune response to influenza vaccination. The role of an elevated body mass index (BMI) in the immune response to infectious pathogens and vaccines has received recent attention with studies showing an increase in serious disease and complications due to 2009 pandemic H1N1 influenza A in obese patients. [5, 6] Obesity produces a chronic inflammatory state associated with dysregulated cytokine production, reduced natural killer cell activity, altered CD4:CD8 T cell balance, and decreased response to antigen stimulation [7] , which could affect response to vaccination. Obesity may also be a complicating factor for delivery of vaccine due to inadequate needle length that prevents deposition of the vaccine intramuscularly, thus limiting antigen exposure to the immune system. [8] Antibody responses to hepatitis B and tetanus vaccination are reduced in obese subjects. [7] One recent study found that while serologic response to influenza vaccination may not initially be impaired in obese versus non-obese subjects, there is a greater decline in influenza antibodies after 12 months. [9] Recent work has shown that frailty may be a better predictor of immune response in older adults than chronologic age. Frailty is the conceptualization of a phenoptye of poor physiologic reserve and poor resistance to stressors and hence is associated with a high risk of morbidity and death from diseases [10] and can be measured by two different mechanisms: either by measuring grip strength and walking speed and querying about weight loss, exhaustion, and physical activity [11] or by a questionnaire used to identify medical disorders and difficulties with activities of daily living. [12] Frailty has been shown to predict vaccine response to the polysaccharide pneumococcal vaccine better than age [13] , and frailty has been identified as a confounder in some influenza vaccine efficacy studies, being associated with both likelihood of vaccination and likelihood of hospitalization and/or death. [14, 15] Vulnerability is a concept, similar to frailty, and is measured by a self-rated scale which assesses physical function and health in order to identify older adults at risk for health deterioration. Vulnerability, as measured by the Vulnerable Elders Survey (VES13), [16] has been shown to predict mortality one year posthospital discharge [17] , 5 year functional decline and mortality in ambulatory settings [18] , and utilization of medical care and receipt of influenza vaccine. [19] The objective of the present study was to determine whether obesity and vulnerability are associated with serologic response to influenza vaccination in adults ≥ age 50, after adjusting for age, comorbidities, and pre-vaccination antibody titer.
Materials and Methods

Subjects
As part of a larger study designed to investigate immune response to influenza vaccination, subjects were enrolled at two sites, Vanderbilt University Medical Center (Nashville, TN) and Marshfield Clinic Research Foundation (Marshfield, WI), during the months of September through October 2008. Subjects were eligible for recruitment if they were ≥50 years of age at Vanderbilt and ≥65 years of age at Marshfield. At Vanderbilt, advertisements through email and flyers were given to all employees. At Marshfield letters were sent to older adults who had received an influenza vaccine in the year prior. Due to the enrollment strategy, this was a cohort with a high prevalence of influenza vaccination in prior years. For the current study, all subjects were vaccinated either by their usual caregiver, special influenza vaccine clinics, or by study staff. 
Data Collection
Age, co-morbid conditions, sex, and race were ascertained from participant interview. Recent chemotherapy, radiation therapy, or use of immunomodulating medications were ascertained by self-report or chart review. During the third visit, height and weight were measured by research study staff and BMI was calculated as weight (kg) ÷ height (m) 2 . The calculated BMI value was categorized as obese (BMI ≥ 30.0 kg/m 2 ) or not obese (BMI <30 kg/m 2 ) according to CDC guidelines [20] . Also during the third visit, vulnerability was measured using the VES13 questionnaire which is a screening tool to assess physical function and self-rated health for the purpose of identifying older adults at risk for health deterioration. [16] Questions focus on the participant's perception of his/her own health, the ability to stoop or crouch, to lift or carry heavy objects, the ability to walk a quarter of a mile, perform heavy housework, pay bills, walk across the room, manage money, and to self-bathe. The Scale ranges from 0 to 10 with 10 being the most vulnerable and 0 being the least vulnerable. A score of ≥3 has 4.2 times the risk of death or function decline over a 2-year period compared to those with scores <3. [16] For the present analysis, a modified vulnerability score was used which excluded age (considered separately) from the questionnaire, resulting in a 0 to 7 scale.
Laboratory Methods
Blood samples were processed, stored, and shipped by each institution's local Sample Processing Core. Whole blood was drawn in a tube without anticoagulant and left at room temperature for a minimum of 30 minutes and maximum of 2 hours. The samples were then placed at 4°C and processed within 24 hours of collection. Tubes were placed in a table top centrifuge and serum was clarified by centrifugation at 3000 rpm for 10 minutes at 4°C. Serum was aliquotted into labeled cryovials and stored at −80°C in labeled fiberboard boxes until shipping or testing was performed. HAI testing was performed by Focus Diagnostics Inc. (Cypress, CA)
Statistical Analysis
Seroprotection was defined as an HAI titer of ≥1:40. Seroconversion was defined as a fourfold rise in HAI post-influenza vaccination compared to pre-vaccination. A logistic regression model evaluated the association between seroprotection and seroconversion and 1) BMI analyzed as both a continuous and categorical variable (obese, BMI ≥30 kg/m 2 vs. not obese, BMI <30 kg/m 2 ) 2) vulnerability score analyzed as a continuous variable and 3) age analyzed as a continuous variable with restricted cubic spline. Using a restricted cubic spline function is a flexible approach for modeling non-linear relationships between age and log-odds of seroprotection or seroconversion. To evaluate the magnitude of the postvaccination HAI response, a linear regression of log-transformed post-vaccination HAI titer was performed with the same predictor variables included in the model. All models were adjusted for study site, gender, comorbidities (as a single variable: high risk conditions, yes/ no), and pre-vaccination antibody titer. All calculations were done using R version 2.12.2 with Hmisc and rms packages.
Results
Descriptive Results
A total of 591 subjects were enrolled between the two sites, of whom 415 (70%) returned for a third, post-influenza season, visit (Figure 1) . Subjects who returned for the third visit were slightly older but otherwise similar to the original enrollment group (Supplementary Table  1 ). Among the 415 subjects who completed a post-influenza season visit, the mean age was 65 ± 10 years; 60% were female and 40% were obese. Mean VES13 was tightly clustered at the non-vulnerable portion of the VES scale (1.6 ± 1.8) and mean BMI was 29.0± 5.6 kg/m 2 (Table 1 ). Both the mean and median BMI in non-obese (mean: 25.5 kg/m 2 ; median: 26.1 kg/m 2 ) and obese (mean: 34.5 kg/m 2 ; median: 33.4 kg/m 2 ) subjects were significantly different (p< 0.001). Pre-vaccination geometric mean titers (GMT) were 11.0, 15.1, and 53.3 for H1N1, H3N2, and influenza B respectively (Supplementary Table 2 ). GMT prevaccination did not differ by age, gender, BMI, or VES13 score in this cohort for any of the three influenza viruses.
Univariate Results
Post-vaccination, seroprotection rates were highest for influenza B and lowest for H1N1, but seroconversion rates were highest for H3N2 (Supplementary Table 2 ). Univariate analysis showed no association between VES13 score or obesity (yes/no) and seroconversion or seroprotection.
Multivariate Results
In logistic regression models, obesity was not associated with post-vaccination seroprotection against either H1N1 or H3N2. Seroprotection against influenza B was not analyzed due to the high proportion (94%) of seroprotected subjects. Obesity was positively associated with seroconversion to H3N2 but not H1N1 or B (data not shown). VES13 (Figures 2 and 3 ) was not associated with seroprotection against either H1N1 or H3N2. Older age was generally associated with lower rates of seroprotection and seroconversion (Supplemental Table 2 , Figures 2 and 3) . In fact, for both seroprotection and seroconversion, the odds ratio decreased non-linearly with increasing age. Consistent with the univariate anlyses, there were no differences in vaccine response for males vs. females, or for subjects with vs. without high risk medical conditions that confer an increased risk of influenza complications.
In linear regression models, VES13 was associated with higher post-vaccination HAI for H1N1 but not for H3N2 or B (data not shown). Age was inversely associated with the post-vaccination HAI titer. Obesity, gender, and high-risk conditions had no measurable impact. Table 2 summarizes the association of multiple risk factors and antibody response by influenza vaccine strain.
Discussion
In this population of community-dwelling adults ≥ 50 years old, neither obesity nor vulnerability score, a measure of physical function and self-rated health, was associated with post-vaccination seroprotection (HAI titer ≥ 40) against any of the influenza vaccine components, including A/Brisbane/59/2007 (H1N1), A/Brisbane/10/2007 (H3N2), and B/ Florida/4/2006. Results for seroconversion did not show a consistent picture for either obesity or vulnerability, although we did observe an increase in seroconversion against the H3N2 subtype only, among obese individuals.
Historically, interest in nutritional status and immune response has focused on the role of low BMI, or malnutrition, in influencing immunity. More recently, however, the effect of high BMI on vaccine response has become of greater interest with the increased attention now focused on the obesity epidemic. Improving nutritional status, broadly defined, has been studied as a means to improve immune response to influenza vaccination, particularly among older individuals who may have reduced antibody response and poor nutritional status compared to younger individuals. Most studies have involved supplementation with a combination nutritional formula, primarily antioxidant-based, but results have been mixed with some studies describing a beneficial effect on antibody response [21, 22] and others reporting no effect [23, 24] . In general, these studies were of relatively short duration, and included frail or elderly subjects residing in nursing homes or long term care facilities; these studies did not investigate the independent effect of weight status per se, making it difficult to draw comparisons with our results. One observational study found that serologic response to influenza vaccination was not associated with either BMI (analyzed as a continuous variable) or functional status in a group of elderly residents of a long-term care facility, but this study was limited by a high degree of frailty and poor nutritional status (nearly one-half of the subjects had a BMI < 25 th percentile; 14% had a BMI < 5 th percentile) and very low rates of seroconversion among subjects overall [25] .
A limited number of studies have shown an association between higher BMI (categorized in two-unit increments) and poor antibody response to hepatitis B among health-care workers [26] or high BMI (overweight vs. normal weight) and lower anti-tetanus IgG antibodies [27] in adolescents. Only one study, to our knowledge, has explored the association between obesity and serologic response to influenza vaccination. [9] Sheridan et al recently reported an elevated antibody response to influenza vaccination among obese participants, however, in that study the increased response was found for influenza B, not influenza A H3N2 as in the current study. We cannot explain the increased response to different specific antigensin obese subjects, but it may be due to changes in vaccine components. From 2007-08 to 2008-09, the H1 and H3 vaccine components were changed, but from 2008-09 to 2009-10 the H1 and H3 vaccine components remained the same. The B strain, however, did change from 2008-09 to 2009-10, suggesting that differences in response among obese participants could be due to this vaccine change. The increased risk of serious influenza with obesity may be due to other factors including measures of immunity not reflected by HAI titers. [28] We did not measure response at 12-months so cannot compare whether or not the duration of response was decreased in our population as it was in the study by Sheridan. Sheridan et al. [9] also found that CD8 T cell responses to influenza were decreased in obese individuals, likely explaining the increased susceptibility of obese individuals during the 2009 influenza pandemic.
One potential link between obesity and immune response could occur via leptin. Leptin, an adipocyte-derived cytokine, has complex actions that increase inflammation and yet also protect against infection. [7] Our observation that obese subjects had increased seroconversion to the H3N2 sub-type could potentially be related to increased leptin levels leading to a more robust serologic response. Why this occurred for H3N2 only, however, is difficult to explain but could be related to the antigenicity of that particular vaccine component or chance.
Several factors may have limited our ability to detect consistent differences in antibody response to vaccination by nutritional factors. Study participants were all noninstitutionalized, relatively healthy, adults over age 50 years old. The majority of individuals were overweight or obese, limiting comparisons by nutritional and functional status. Only one subject in our study was underweight, with a BMI < 18.5; 4.3% had morbid obesity, with a BMI ≥ 40. The subjects that participated in this study agreed to attend multiple visits on the medical center campus. Most were highly functional individuals since we recruited a convenience sample in each community. Indeed, vulnerability scores clustered at the low end of the range and only 10% had a VES13 score ≥3. The limited number of persons with high vulnerability scores limits our inferences on the effect of vulnerability on antibody responses.
This study was not designed a priori to examine obesity or vulnerability as predictors of vaccine response. Hence, data on BMI and vulnerability were collected after vaccination. In addition, each site had slightly different protocols so that the age distribution, the specific influenza vaccine administered, and prior vaccination status differed modestly by site. We dealt with these known and unknown between-site differences by adjusting for them in our model, and by including a "site" variable which was expected to encompass any differences not otherwise accounted for. Regarding the different time points at which obesity/ vulnerability were identified and when vaccination was administered, we did not expect meaningful changes in either obesity status or vulnerability during that relatively short (approximately 6 month) period of time. Strong tracking of obesity has been clearly demonstrated, with only 2-6% of adults over 65 years having more than a 10% change in body weight over 3 years. [29] Despite these limitations, this post-hoc analysis helps fill the gap in knowledge about the relationship of obesity and response to influenza vaccination.
In summary, neither obesity nor vulnerability was independently associated with postinfluenza vaccination seroprotection against any of the 2008-09 influenza vaccine components in our sample of adults ≥ age 50. We observed an increase in seroconversion to the H3N2 subtype among obese subjects and to the H1N1 subtype among those who were more vulnerable. The significance of these findings is unknown. Future studies that include more frail elderly populations are needed in order to advance our understanding of the effects of nutritional and functional status on influenza vaccine response.
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